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Abstract

In this paper, we present a comprehensive study of the energetic ion acceleration during magnetic reconnection in
the Earth’s magnetosphere using the Geotail data. A clear example of the energetic ion acceleration up to 1 MeV
around an X-type neutral line is shown. We find that the energetic ions are localized at far downstream of
reconnection outflow. The time variation of energetic ion and electron is almost the same. We observe ∼100 keV ions
over the entire observation period. We study ten events in which the Geotail satellite observed in the vicinity of
diffusion region in order to understand the reconnection characteristics that determine the energetic ion acceleration
efficiency. We find that the reconnection electric field, total amount of reduced magnetic energy, reconnection rate,
satellite location in the Earth’s magnetosphere (both XGSM and YGSM) show high correlation with energetic ion
acceleration efficiency. Also, ion temperature, electron temperature, ion/electron temperature ratio, current sheet
thickness, and electric field normal to the neutral sheet show low correlation. We do not find any correlation with
absolute value of outflow velocity and current density parallel to magnetic field. The energetic ion acceleration
efficiency is well correlated with large-scale parameters (e.g., total amount of reduced magnetic energy and satellite
location), whereas the energetic electron acceleration efficiency is correlated with small-scale parameters (e.g., current
sheet thickness and electric field normal to the neutral sheet). We conclude that the spatial size of magnetic
reconnection is important for energetic ion acceleration in the Earth’s magnetotail.
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Introduction
The origin of energetic particles is a long-standing prob-
lem in space physics spanning over several decades. So
far, two major acceleration processes have been pro-
posed. One is the diffusive shock acceleration based on
Fermi mechanism at the collisionless shock (Blandford
and Ostriker 1978). This acceleration mechanism explains
the power-law energy distribution function with an index
of 2, which is often observed in the high energy range
(e.g., cosmic rays). Therefore, the collisionless shock is
widely believed to be one of the sources of energetic
particles. The other process is magnetic reconnection
through which particles are accelerated by the interac-
tion with a strong inductive electric field (Zelenyi et al.
1990). The stored magnetic field energy can be rapidly
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released to the particles during the magnetic recon-
nection. Numerical simulations have tested energetic
particle acceleration duringmagnetic reconnection in var-
ious plasma environments, such as solar corona, Earth’s
magnetosphere, and pulsar magnetosphere (Drake et al.
2006; Hoshino et al. 2001; Oka et al. 2010; Pritchett 2008;
Zenitani and Hoshino 2001), and various mechanisms
have been proposed for energetic particle acceleration
during reconnection.
The Earth’s magnetosphere has been regarded as a

space laboratory for particle acceleration during mag-
netic reconnection, since precise information on plasma
and electromagnetic fields is available through in situ
spacecraft observations. At the start of the satellite
observations, it was reported that the energetic particles
with several 100 keV to 1 MeV are often observed in
magnetotail (Fan et al. 1975; Hones et al. 1976; Sarris
et al. 1976). The relationship between these energetic
particles and magnetic reconnection has been examined
since the early stage of space research. Terasawa and
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Nishida (1976) claimed that energetic electron bursts
(0.3–1.0 MeV) occurred close to a magnetic reconnec-
tion region, because the southward turning of magnetic
field was simultaneously observed with the burst. Baker
and Stone (1977) also studied an energetic electron burst
(>1 MeV) and concluded that the observed energetic
electron bursts are usually associated with neutral sheet
crossing. Energetic ion bursts in the magnetotail have
also been studied by many authors (Fan et al. 1975; Sarris
et al. 1976). The energy spectrum of high-energy ions can
be described by the power-law distribution (γ ∼ 4 − 6),
and the typical upper ion energy is ∼ 300 keV during
geomagnetic activity (Baker et al. 1979; Fan et al. 1975;
Sarris et al. 1976). Moebius et al. (1983) reported energetic
protons in the energy range 30 to 500 keV and energetic
electrons >75 keV obtained by ISEE-1. They presented
combined thermal plasma, magnetic field, and energetic
particle observations for energetic particle bursts in the
plasma sheet. The localized sources of energetic ions up
to 500 keV have been observed during the passage of the
neutral line. They conclude that the energetic ion acceler-
ation took place in the vicinity of an X-type neutral line.
Many observations suggest that energetic particle bursts
might be related to magnetic reconnection.
Modern satellite observations reveal more precise accel-

eration sites of energetic electrons duringmagnetic recon-
nection. Øieroset et al. (2002) showed the significant
electron acceleration up to 300 keV at an X-type neutral
line based on a Wind satellite observation. On the other
hand, some studies show that the energetic electrons are
generated not only at the X-type neutral line but also
in the wider region surrounding an X-type neutral line
(Asano et al. 2008; Imada et al. 2007). A statistical study by
Imada et al. (2005) discussed plasma heating and acceler-
ation in and around magnetic reconnection region. They
conclude that the electrons are first energized at anX-type
neutral line and further accelerated in the magnetic flux
pileup region. Another important finding for energetic
electron acceleration is the relationship to small magnetic
islands. Chen et al. (2008) showed that energetic electron
fluxes peak at sites of compressed density within islands.
Retino et al. (2008) also found the energetic electron flux
enhancement within a small-scale flux rope that may be
associated with flux rope coalescence. Recent spacecraft
observations claim that the energetic electrons can be fur-
ther accelerated at the dipolarization front which locates
far downstream of reconnection flow (Fu et al. 2011).
There are some detailed studies of energetic ion accel-

eration in the magnetotail, using the modern satellite
observations (Artemyev et al. 2014; Haaland et al. 2010).
These studies indicate the relationship between energetic
ion bursts and the geomagnetic activity and/or thin cur-
rent sheet formation (Luo et al. 2014; Sarafopoulos 2008).
However, the precise position of energetic ion acceleration

during magnetotail reconnection and acceleration mech-
anism is still not certain. Further, energetic electron and
ion acceleration seems to be different in some cases
(Moebius et al. 1983; Øieroset et al. 2002). Imada et al.
(2011) studied the favorable conditions for energetic elec-
tron acceleration during magnetic reconnection in the
Earth’s magnetotail by using ten Geotail magnetic recon-
nection observations. Their finding is that the energetic
electrons are efficiently accelerated in a thin current sheet
during fast reconnection events. The aim of this paper is
to understand the favorable conditions for energetic ion
acceleration by using ten magnetic reconnection events
discussed in Imada et al. (2011).Wewill also reveal the dif-
ference between energetic ion and electron acceleration.

Instrumentation
We have used the data from comprehensive measure-
ments onboard the Geotail satellite, including the low-
energy particles (LEP/EAi, EAe) (Mukai et al. 1994),
the energetic particles and ion composition instrument
(EPIC/ICS) (Williams et al. 1994), and the magnetic fields
(MGF) (Kokubun et al. 1994). We calculated the ion and
electron temperature, density, and the three components
of the velocity from the distribution functions obtained
by the LEP instrument. To obtain ion moments, 12-s
time-resolution data are used. We averaged the 12-s time-
resolution electron moments into 60-s time resolution
to reduce the statistical uncertainty. As for the energetic
ions, we used energy spectra with angular distributions
of energetic protons with the energy range of 58 keV to
3MeV obtained every 96 s by EPIC. To investigate the
energetic electrons acceleration, we used the integrated
electron flux of > 38 (keV) measured by the EPIC instru-
ment with 12-s time resolution. Although EPIC electron
observation has two energy channels with energies higher
than 38 and 110 keV, we only used the lower-energy
channel which can result in enough particle counts dur-
ing magnetic reconnection. The energetic particle data
were integrated over pitch angle by assuming an isotropic
velocity distribution function.

Observations of energetic ions: case study
We show a clear example of a Geotail observation of the
energetic ion acceleration around an X-type neutral line.
The reconnection event on 28 January 1997 observed at
X = −29RE is one of the strongest electron acceleration
event observed by Geotail. An overview of this reconnec-
tion event is shown in Fig. 1. Three components of the
magnetic field, ion (red thick), and electron (blue thin)
density and three components of the velocity, tempera-
ture, energetic electron integrated flux, and energetic ion
differential flux are presented from top to bottom, respec-
tively. Fast (> 1000 km s−1) and tenuous (< 0.1 m−3) tail-
ward flows were observed from 1614 UT. Simultaneously,
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Fig. 1 Overview of the reconnection event on 28 January 1997. Three components of the magnetic field, ion (red thick), and electron (blue thin)
density and three components of the velocity, temperature, energetic electron integrated flux, and energetic ion differential flux are presented from
top to bottom, respectively. The three vertical dotted lines show the starting tailward flow (correspond to the downstream of reconnection out flow),
the flow reversal (upstream), and earthward flow end time (downstream)

large negative Bz up to −13 nT was also observed. This is
the typical signature at the tailward side of a reconnection
outflow region. Because the main component of the ions
is beyond the observational range of the LEP instrument,
the ion moment data, such as ion temperature, velocity,
and density, might be systematically underestimated from
1614 UT to 1620 UT (Asano et al. 2004). This is the reason
why the ion density is largely less than that of electron, i.e.,
ion density is seriously underestimated. Both the electron
temperature and energetic electrons flux are enhanced
inside the tailward flow. The energetic ion acceleration up
to 1MeV have also been clearly observed. Once the tail-
ward flows are terminated from 1620 to 1624, the flow

direction has been changed from tailward to earthward
at 1626 indicating the passage of an X-type neutral line.
The event on 28 January 1997 is well studied concern-
ing the fine reconnection structure such as Hall current
system by Asano et al. (2004). According to their analy-
sis, Geotail was located near themagnetic diffusion region
at 1626 UT, because the inward Hall current toward the
X-type neutral line in the central plasma sheet and the
outward field aligned current from the X-line near the
plasma sheet-lobe boundary (16:24 and 16:28) are clearly
observed at that time. The sign of Hall magnetic field (By)
has been also changed at this moment, and the thickness
of the estimated current sheet is less than the ion inertia
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length. The energetic electrons and ions in the vicinity
of X-type neutral line show slightly smaller value (∼ten
times) than that in the tailward flow. The thin current
sheet condition might continue until 1640 UT, because Bx
rapidly changes several times. Earthward fast flows were
observed intermittently and terminated at 1656 UT. Dif-
ferential flux of energetic ions (a few hundred kiloelectron
volt) and energetic electron flux (>38 keV) show similar
value during the earthward flow. The energetic ions up
to 1 MeV seems to be localized inside the tailward flow.
A time variation of energetic ions and electrons is almost
the same during the event. We cannot observe clear dif-
ference in energetic ion and electron acceleration. We can
observe ∼100 keV ions over the entire observation period
(16:00–17:00 UT).
Figure 2a shows the ion energy spectra obtained before

(dotted line, 16:05:54) and during (solid line, 16:15:36) the
reconnection outflow. The ion energy spectrum obtained
at the time when the fast tailward flow start (16:15:36) is
shown. This spectrum is the hardest one during the event.
We also show the energy spectrum without any recon-
nection signatures (16:05:54). The spectra are fitted by
power-law distribution function from 100 keV to 1 MeV.
The energy spectra of the event clearly shows the strong
ion acceleration with a significant hardening of the energy
spectra from γ = 5.4 to 2.5. The estimated value of γ

is in good agreement with the past study. Note that γ is
derived from differential flux. The anisotropy of energetic
ions might give an important information to understand
the acceleration processes during magnetic reconnection.
Figure 2b shows the anisotropy of energetic protons in the
X-Y (2D) plane observed during the tailward flow. The
energetic protons up to ∼1 MeV have a significant flux
enhancement in the tailward (−X) (slightly duskward+Y )
direction. Although it is difficult to discuss the anisotropy
of energetic ion for north-south direction with EPIC data,
these energetic ions are traveling directly from the source
region. The Geotail spacecraft might locate close to the
energetic ion acceleration region. The energetic ions are

accelerated up to 1MeV far from the X-type neutral line
toward the downstream region.

Statistical property of energetic ion acceleration
In the previous section we showed a clear example of
the energetic ion acceleration around an X-type neutral
line in order to understand where the energetic ion can
be accelerated. We also discuss the difference between
energetic ion and electron acceleration. The results indi-
cate that the source of energetic ion up to 1 MeV seems
to be located at the downstream of reconnection out-
flow. However, we do not find clear difference between
energetic ion and electron acceleration. In this section,
we will present the favorable conditions for energetic ion
acceleration using ten reconnection events discussed in
Imada et al. (2011). In their study, they surveyed the
reconnection events where the Geotail satellite observed
the vicinity of diffusion region and identified events sat-
isfying the following conditions: (1) XGSM < −15RE ,
(2) the presence of fast bulk flow (Vx > 500 km s−1),
and (3) the presence of hot electron (>2 keV) Nagai
et al.2001. The characteristics of each reconnection event
(e.g., reconnection rate, current sheet thickness, and out-
flow velocity) have been already determined by Imada
et al. (2011). They also confirm the consistency of their
reconnection characteristics with other in situ observa-
tions. They transformed the coordinate into the current
sheet normal system using the minimum variance analysis
(MVA) (Sonnerup and Cahill 1967), where N is the esti-
mated current sheet normal, L is in the direction of max-
imum variation (∼XGSM), and M completes a right-hand
system. The current density j is calculated directly from
the ion and electron velocity difference, j = ne(vi − ve).
With pressure balance between the tail lobe and plasma
sheet, magnetic field intensity in the tail lobe is derived as
Blobe = (B2 + 2μ0nkB(Ti + Te))1/2, where B, n,Ti, and Te
are local magnetic field intensity, plasma density, ion, and
electron temperatures observed by Geotail in the current
sheet, respectively. Using jM and Blobe, a half thickness
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Fig. 2 a Ion energy spectra obtained before (dotted line, 16:05:54) and during (solid line, 16:15:36) the reconnection outflow. b Anisotropy of
energetic protons in the X-Y (2D) plane observed during the tailward flow
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of current sheet δ is calculated from the Ampere’s law
assuming the homogeneity of current density in a current
sheet, δ = Blobe/μ0jM. The electric fields are calculated
from v × B with frozen-in assumption. Reconnection rate
can be estimate from the lobe Alfven velocity, the lobe
magnetic field, and the reconnection electric field (EM).
They calculated �B2 which is proportional to the total
amount of reduced magnetic energy during reconnection
by using Blobe before and after the reconnection. In this
paper, we use their values for reconnection characteristic
parameters (for details, see Imada et al. (2011)). The index
of kappa distribution for energetic electron is also deter-
mined from Imada et al. (2011). The indexes of power-law
distributions for energetic ion in each event are newly esti-
mated. The spectra are fitted by power-law distribution
functions from 100 keV to 1 MeV. We have selected the
hardest spectrum to decide the typical γ of each event.We
also check the similarity of energetic ions and electrons
enhancement by checking their time variation in the same
way discussed in the previous section. The list for the ten
reconnection events is shown in Table 1.
First, we compare γ (energetic ion) and κ (energetic

electron) to clarify the relationship between the energetic
ion and electron acceleration. Figure 3 shows the relation-
ship between energetic electron and ion (κ-γ ). Although
the correlation coefficient is low (∼0.15), the solid line
shows the result of linear fitting. The event that shows
hard spectrum in energetic electrons (small κ) also shows
hard energetic ion energy spectrum (small γ ) and vice
versa. If we ignore the two events (event C and I in Table 1)
which are far from linear fitting, the correlation coefficient
becomes better (0.84; dotted line). Therefore, the ener-
getic ion and electron acceleration seem to have a similar
time variation except for the two events. We also checked
the similarity of energetic ions and electrons enhancement
in each event. Two events (A and G) show the differ-
ent time variations for energetic electrons and ions (not

shown here). Although these two events show the differ-
ent time variations for energetic electrons and ions, a time
variation of energetic ions and electrons is similar in most
events.
Next, to clarify the relationship between the energetic

ion acceleration efficiency and the reconnection charac-
teristics, we carried out correlation analysis among them.
We use the following parameters for reconnection char-
acteristics: ion temperature (Ti), electron temperature
(Te), ion/electron temperature ratio (Ti/Te), current sheet
thickness (δ), reconnection electric field (EM), electric
field normal to the neutral sheet (EN ), total amount of
reduced magnetic energy (�B2), reconnection rate (R),
absolute value of outflow velocity (|V |), current den-
sity parallel to magnetic field (j‖), and satellite location
in the Earth’s magnetosphere (X,Y ). Figure 4 shows the
relationship between the energetic ion parameter (γ )
and the reconnection characteristics. All vertical axes
show γ , while the horizontal axes show each of the
parameters. The squares/diamonds show the result of
1min/12 s average results, respectively. The fitted results
for squares/diamonds are presented by solid/dashed lines,
respectively. The correlation coefficients are also shown in
the figure.
We have classified the relationship between reconnec-

tion characteristics and energetic ion acceleration into
three types: (1) good correlation (absolute value of cor-
relation coefficient |r| > 0.6); (2) ambiguous correlation
(0.6 > |r| > 0.3); and (3) no correlation (|r| ∼ 0). We
found that EM, �B2, R, XGSM, and YGSM can be catego-
rized into good correlation with energetic ion acceleration
efficoency. The strong reconnection electric field and the
large amount of reduced magnetic energy cause strong
ion acceleration. The magnetic reconnection location in
XGSM also affect the energetic ion acceleration. Note that
we do not include the distant tail reconnection event A
in the analysis of satellite location. Ion acceleration also

Table 1 List of ten reconnection events observed by Geotail

Event Date Time [X , Y] Electron (κ) Ion (γ ) Similarity

A 940115 18:00–20:00 [−96, 7] 4.3 5.5 Different

B 960127 13:45–15:45 [−29, 5] 4.2 5.1 Similar

C 961113 10:00–12:00 [−18, 2] 3.2 6.9 Similar

D 961210 17:00–19:00 [−26, 1] 3.6 4.3 Similar

E 970128a 13:30–15:30 [−29, 10] 3.0 2.8 Similar

F 970128b 15:30–17:30 [−29, 9] 3.1 2.5 Similar

G 970225a 09:20–11:20 [−27, 6] 4.2 5.7 Different

H 970225b 14:00–16:00 [−26, 3] 3.8 5.7 Similar

I 970313 15:00–17:00 [−24, 7] 4.5 4.1 Similar

J 970420 08:00–10:00 [−17, 9] 4.3 5.4 Similar



Imada et al. Earth, Planets and Space  (2015) 67:203 Page 6 of 9

5.04.54.03.53.02.5

8

7

6

5

4

3

2

1

 (
io

n)

(electron)

r = 0.15
r = 0.84

A

B

C

D

E

F

GH

I

J

Fig. 3 Relationship between energetic electrons (κ) and ions (γ )

depends on the reconnection location in YGSM. The dusk-
side reconnection strongly accelerates energetic ions. Ti,
Te, Ti/Te, δ, and EM are classified in ambiguous corre-
lation. We cannot find any correlation with absolute |V|
and j‖. Table 2 shows the correlation coefficients between
energetic electron/ion and reconnection parameters. In
the last line of Table 2, E/I represents good correla-
tion with energetic electron/ion acceleration, respectively.
Both of energetic ions and electrons show good corre-
lation with reconnection electric field. Only energetic
ions show good correlation with total amount of reduced
magnetic energy, reconnection rate, and satellite loca-
tion in the Earth’s magnetosphere (both XGSM and YGSM).
On the other hand, only energetic electrons show good
correlation with ion temperature, electron temperature,
ion/electron temperature ratio, current sheet thickness,
and electric field normal to the neutral sheet.

Summary and discussion
The energetic ion acceleration during magnetic recon-
nection in the Earth’s magnetosphere has been studied
using Geotail data. We showed a clear example of ener-
getic ion acceleration up to 1 MeV around an X-type
neutral line. The energetic ions are localized at far down-
stream of reconnection outflow. We also found that a
time variation of energetic ion (∼1 MeV) enhancement is
almost the same as that of energetic electron (>38 keV).
We can observe ∼100 keV ions over the entire observa-
tion period. The ten events in which the Geotail satellite
observed the vicinity of diffusion region have also been
studied to infer what reconnection characteristics deter-
mine the energetic ion acceleration efficiency. We found
that reconnection electric field, total amount of reduced

magnetic energy, reconnection rate, satellite location in
the Earth’s magnetosphere (both XGSM and YGSM) can be
categorized into good correlation with energetic ion accel-
eration efficiency. Ion temperature, electron temperature,
ion/electron temperature ratio, current sheet thickness,
and electric field normal to the neutral sheet are classified
in ambiguous correlation. We cannot find any correla-
tion with absolute value of outflow velocity and current
density parallel to the magnetic field. We find that the
energetic ions seem to be well correlated with the large-
scale parameters (e.g., total amount of reduced magnetic
energy and satellite location), although the energetic elec-
tron acceleration efficiency seems to be correlated with
the small-scale parameters (e.g., current sheet thickness
and electric field normal to the neutral sheet).
Let us discuss the plausible scenario of the energetic

ion acceleration up to 1 MeV is from the result of our
observation. Our observations show that the energetic
ions (∼1 MeV) and electrons (>38 keV) seem to be accel-
erated at the same place. The standard energetic electron
acceleration mechanism is that the unmagnetized elec-
trons in the vicinity of the X-type diffusion region can
be accelerated by strong inductive electric field during
the meandering/Speiser motion. The polarization elec-
tric field in a thin current sheet can also contribute to
electron pre-acceleration. Furthermore, accelerated elec-
trons, which have a large gyroradius, are then transported
outward from the diffusion region and are further accel-
erated around the piled-up magnetic field region because
of ∇B drift and/or curvature drift under the nonadiabatic
motion (Hoshino 2005). The reconnection electric field
is important for energetic ion and electron acceleration,
because ions and electrons get energy from it. For ener-
getic electron acceleration, the pre-acceleration/heating
is crucial to get large gyroradius for second-step accel-
eration. The electron pre-acceleration and/or heating are
generally defined by the small-scale plasma condition.
This is the reason why the energetic electron accelera-
tion efficiency is well correlated with small-scale param-
eter of magnetic reconnection. On the other hand, for
energetic ion acceleration, the gyroradius is large enough
for second-step acceleration. Hot ions at the piled-up
magnetic field region can be accelerated without any pre-
acceleration. However, the spatial scale size of the accel-
eration region is conclusive for energetic ion acceleration
up to 1 MeV. In the case of reconnection electric field of
10 mV m−1, the spatial scale needs to be at least 105 km
(∼magnetosphere width) to accelerate ions up to 1 MeV.
Energetic ion acceleration efficiency clearly depends on
the satellite location YGSM. This result indicates the
importance of the spatial size of the magnetic reconnec-
tion in YGSM. Energetic ion acceleration efficiency also
depends on the satellite location XGSM. The scale length
in YGSM direction might be different with location of
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Table 2 Correlation coefficients between energetic particle acceleration efficiency and reconnection characteristics

Ti Te Ti/Te δ EM EN �B2 R |V| j// X Y

Electron 0.68 0.75 0.52 0.69 0.82 0.78 0.39 0.50 0.02 0.40 0.26 0.03

Ion 0.32 0.42 0.35 0.44 0.63 0.34 0.84 0.65 0.01 0.02 0.62 0.61

Good correlation E E – E E, I E I I – – I I

magnetic reconnection in XGSM. Imada et al. (2008) stud-
ied the dawn-dusk asymmetry of energetic particles and
claimed the importnace of the spatial diffusion of ener-
getic particles to explain the observed asymmetry. The
energetic particles in magnetotail can gain energy larger
than the available potential energy by spatial diffusion.
Therefore, we conclude that the spatial size of magnetic
reconnection is important for energetic ion acceleration
in the Earth’s magnetosphere. To strengthen our conclu-
sion, we need to examine more reconnection events. It is
also important to compare our results with recent mag-
netic reconnection observations by Time History of Events
andMacroscale Interactions during Substorms (THEMIS).
Especially, this is useful for understanding the relationship
between the energetic ion acceleration and reconnection
location in XGSM, because THEMIS has a large coverage
in XGSM. The magnetospheric multiscale (MMS) mission
reveals more precise plasma conditions during magnetic
reconnection. We expect that MMS observations clarify
the relationship between energetic particle acceleration
and reconnection conditions thoroughly. This is cru-
cial for understanding the energetic particle acceleration
mechanisms during magnetic reconnection.
Before closing, we emphasize that studying magnetic

reconnection in various plasma conditions is important
in order to understand the universal plasma physics lying
behind the individual phenomenon (Terasawa et al. 2000).
There are similarities between the plasma parameters in
Earth’s magnetotail and the solar corona. Table 3 shows
the typical parameters of magnetic reconnection in the
Earth’s magnetotail and the solar corona. In the Earth’s
magnetotail, we sometimes observe energetic ion accel-
eration up to a few megaelectron volts. Therefore, the
maximum energy observed in the magnetotail reconnec-
tion seems to exceed the available potential energy. This
means that the energetic ion acceleration process in the

Table 3 Typical values for energetic particle acceleration in
Earth’s magnetotail and solar corona

L (m) VA (m s−1) B (T) R ER (V/m) eφ (eV)

Earth’s magnetotail 108 106 10−8 0.1 10−3 105

Solar corona 108 106 10−2 0.1 103 1011

The typical scale length (L), Alfven velocity (VA), magnetic field strength (B),
reconnection rate (R), the expected reconnection electric field (ER), and available
potential energy (eφ) in the Earth’s magnetotail and the solar corona

magnetotail might be affected by the large-scale condi-
tions. On the other hand, during the solar flare, we rarely
observe >500MeV proton by the ground-based neu-
tron monitors, the so-called ground level enhancements
(Andriopoulou et al. 2011). Therefore, the maximum
energy observed in the solar corona seems to be lower
than the available potential energy. The effect of large-
scale conditions to the energetic ion acceleration process
in the solar corona might be limited. The Earth’s magne-
tosphere and the solar corona are similar in some respects
but very different in many other respects. The detailed
comparison between the Earth’s magnetosphere and the
solar corona might open a new window of opportunity in
understanding the particle acceleration better, and in our
future work, we intend to study this comparison.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SI analyzed the Geotail data and drafted the manuscript. MH also analyzed the
observation, especially the energetic ion data. All authors contributed to the
interpretations of the data and the writing of the paper. All authors read and
approved the final manuscript.

Acknowledgements
The authors would like to thank all members of the Geotail project team. We
are most grateful to the Geotail/EPIC team (instrument PI, initially D.J. Williams,
R.W. McEntire, and A.T.Y. Lui) for providing us with the energetic particle data
of EPIC. We are also grateful to S. R. Nylund for processing the Geotail/EPIC
data. We would like to thank H. Isobe, K. Watanabe, M. Oka, T. Minoshima, K.
Keika, M. Nose, M. Asgari-Targhi, and T. Mukai for fruitful discussions. This work
was partially supported by JSPS KAKENHI Grant-in-Aid for Young Scientist B
(24740130), by JSPS KAKENHI Grant-in-Aid for Scientific Research B (23340045),
by JSPS KAKENHI Grant-in-Aid for Scientific Research B (26287143), by the JSPS
Core- to-Core Program (22001), by JSPS Program for Advancing Strategic
International Networks to Accelerate the Circulation of Talented Researchers
under grant number G2602, and by JSPS KAKENHI under grant number
15H05816.

Author details
1Institute for Space-Earth Environmental Research, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya, 464-8601 Aichi, Japan. 2Department of Earth
and Planetary Science, University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, 113-8654
Tokyo, Japan.

Received: 10 August 2015 Accepted: 11 December 2015

References
Artemyev AV, Vasko IY, Lutsenko VN, Petrukovich AA (2014) Formation of the

high-energy ion population in the Earth’s magnetotail: spacecraft
observations and theoretical models. Annales Geophysicae 32:1233–1246

Asano Y, Mukai T, Hoshino M, Saito Y, Hayakawa H, Nagai T (2004) Current
sheet structure around the near-Earth neutral line observed by Geotail.
J Geophys Res (Space Phys) 109:2212



Imada et al. Earth, Planets and Space  (2015) 67:203 Page 9 of 9

Asano Y, Nakamura R, Shinohara I, Fujimoto M, Takada T, Baumjohann W,
Owen CJ, Fazakerley AN, Runov A, Nagai T, Lucek EA, R‘eMe H (2008)
Electron flat-top distributions around the magnetic reconnection region.
J Geophys Res (Space Phys) 113:1207

Andriopoulou M, Mavromichalaki H, Plainaki C, Belov A, Eroshenko E (2011)
Intense ground-level enhancements of solar cosmic rays during the last
solar cycles. Solar Phys 269:155–168

Baker DN, Stone EC (1977) Observations of energetic electrons/E no less than
about 200 keV/in the Earth’s magnetotail—plasma sheet and fireball
observations. J Geophys Res (Space Phys) 82:1532–1546

Baker DN, Belian RD, Higbie PR, Hones EWJr (1979) High-energy
magnetospheric protons and their dependence on geomagnetic and
interplanetary conditions. J Geophys Res (Space Phys) 84:7138–7154

Blandford RD, Ostriker JP (1978) Particle acceleration by astrophysical shocks.
Astrophys J 221:29–32

Chen L-J, Bhattacharjee A, Puhl-Quinn PA, Yang H, Bessho N, Imada S,
Muhlbachler S, Daly PW, Lefebvre B, Khotyaintsev Y, Vaivads A, Fazakerley
A, Georgescu E (2008) Observation of energetic electrons within magnetic
islands. Nat Phys 4:19–23

Drake JF, Swisdak M, Che H, Shay MA (2006) Electron acceleration from
contracting magnetic islands during reconnection. Nature 443:553–556

Fan CY, Gloeckler G, Hovestadt D (1975) Energy spectra and charge states of H,
He, and heavy ions observed in the Earth’s magnetosheath and
magnetotail. Phys Rev Lett 34:495–498

Fu HS, Khotyaintsev YV, Andre M, Vaivads A (2011) Fermi and betatron
acceleration of suprathermal electrons behind dipolarization fronts.
Geophys Res Lett 38:16104

Haaland S, Kronberg EA, Daly PW, Franz M, Degener L, Georgescu E, Dandouras
I (2010) Spectral characteristics of protons in the Earth’s plasma sheet,
statistical results from Cluster CIS and RAPID. Annales Geophysicae
28:1483–1498

Hones EWJr, Higbie PR, Palmer ID (1976) Energetic protons of magnetospheric
origin in the plasma sheet associated with substorms. J Geophys Res
(Space Phys) 81:3866–3874

Hoshino M, Mukai T, Terasawa T, Shinohara I (2001) Suprathermal electron
acceleration in magnetic reconnection. J Geophys Res (Space Phys)
106:25979–25998

Hoshino M (2005) Electron surfing acceleration in magnetic reconnection.
J Geophys Res (Space Phys) 110:10215

Imada S, Hoshino M, Mukai T (2005) Average profiles of energetic and thermal
electrons in the magnetotail reconnection regions. Geophys Res Lett
32:9101

Imada S, Nakamura R, Daly PW, Hoshino M, Baumjohann W, Muhlbachler S,
Balogh A, ReMe H (2007) Energetic electron acceleration in the
downstream reconnection outflow region. J Geophys Res (Space Phys)
112:3202

Imada S, Hoshino M, Mukai T (2008) The dawn-dusk asymmetry of energetic
electron in the Earth’s magnetotail: observation and transport models.
J Geophys Res (Space Phys) 113:11201

Imada S, Hirai M, Hoshino M, Mukai T (2011) Favorable conditions for energetic
electron acceleration during magnetic reconnection in the Earth’s
magnetotail. J Geophys Res (Space Phys) 116:8217

Kokubun S, Yamamoto T, Acuna MH, Hayashi K, Shiokawa K, Kawano H (1994)
The Geotail magnetic field experiment. J Geomagn Geoelectr 46:7–21

Luo H, Kronberg EA, Grigorenko EE, Franz M, Daly PW, Chen GX, Du AM, Kistler
LM, Wei Y (2014) Evidence of strong energetic ion acceleration in the
near-Earth magnetotail. Geophys Res Lett 41:3724–3730

Moebius E, Scholer M, Hovestadt D, Paschmann G, Gloeckler G (1983)
Energetic particles in the vicinity of a possible neutral line in the plasma
sheet. J Geophys Res (Space Phys) 88:7742–7752

Mukai T, Machida S, Saito Y, Hirahara M, Terasawa T, Kaya N, Obara T, Ejiri M,
Nishida A (1994) The low energy particle (LEP) experiment onboard the
Geotail satellite. J Geomagn Geoelectr 46:669–692

Nagai T, Shinohara I, Fujimoto M, Hoshino M, Saito Y, Machida S, Mukai T
(2001) Geotail observations of the Hall current system, evidence of
magnetic reconnection in the magnetotail. J Geophys Res (Space Phys)
106:25929–25950

Oka M, Phan T-D, Krucker S, Fujimoto M, Shinohara I (2010) Electron
acceleration by multi-island coalescence. Astrophys J 714:915–926

Øieroset M, Lin RP, Phan TD, Larson DE (2002) Bale SD evidence for electron
acceleration up to 300 keV in the magnetic reconnection diffusion region
of Earth’s magnetotail. Phys Rev Lett 195001:89

Pritchett PL (2008) Energetic electron acceleration during multi-island
coalescence. Phys Plasmas 102105:15

Retino A, Nakamura R, Vaivads A, Khotyaintsev Y, Hayakawa T, Tanaka K,
Kasahara S, Fujimoto M, Shinohara I, Eastwood JP, Andre M, Baumjohann
W, Daly PW, Kronberg EA, Cornilleau-Wehrlin N (2008) Cluster observations
of energetic electrons and electromagnetic fields within a reconnecting
thin current sheet in the Earth’s magnetotail. J Geophys Res (Space Phys)
113:12215

Sarris ET, Krimigis SM, Bostrom CO, Iijima T, Armstrong TP (1976) Location of
the source of magnetospheric energetic particle bursts by multispacecraft
observations. Geophys Res Lett 3:437–440

Sarafopoulos DV (2008) A physical mechanism producing suprathermal
populations and initiating substorms in the Earth’s magnetotail. Annales
Geophysicae 26:1617–1639

Sonnerup BUO, Cahill LJ (1967) Magnetopause structure and attitude from
Explorer 12 observations. J Geophys Res (Space Phys) 72:171–183

Terasawa T, Nishida A (1976) Simultaneous observations of relativistic electron
bursts and neutral-line signatures in the magnetotail. Planet Space Sci
24:855–866

Terasawa T, Shibata K, Scholer M (2000) Comparative study of flares and
substorms. Adv Space Res 26:573–583

Williams DJ, McEntire RW, Schlemm C, Lui ATY, Gloeckler G, Christon SP, Gliem
F (1994) Geotail energetic particles and ion composition instrument.
J Geomagn Geoelectr 46:39–57

Zelenyi LM, Lominadze JG, Taktakishvili AL (1990) Generation of the energetic
proton and electron bursts in planetary magnetotails. J Geophys Res
(Space Phys) 95:3883–3891

Zenitani S, Hoshino M (2001) The generation of nonthermal particles in the
relativistic magnetic reconnection of pair plasmas. Astrophys J 562:63–66

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Keywords

	Introduction
	Instrumentation
	Observations of energetic ions: case study
	Statistical property of energetic ion acceleration
	Summary and discussion
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References



